1. Lysine is readily incorporated into mycobactins P and S. Incorporation is into the hydroxamic acid moieties only and is equal in the mycobactic acid and cobactin portions of the molecule. 2. 2-Amino-6-hydroxyaminohexanoic acid is not taken up by cells of Mycobacterium phlei and is not detectable in extracts of cells actively synthesizing mycobactin. 3. The most abundant material derived from lysine that can be detected in such cell extracts is an N6-acyl-lysine. Cells grown in the presence of iron contain markedly less of this material than do those grown under conditions of iron deficiency. 4. When added to growing cultures of 1M. phlei the N6-acyl-lysine is readily incorporated into mycobactin. 5. The hydroxy acid of cobactin P is derivable from propionate.
The mycobactins are a family of compounds produced by mycobacteria, grown under conditions of iron deficiency, that act as growth promoters for Mycobacterium johnei, the only mycobacterial species so far tested that does not produce a mycobactin. The mycobactins extracted from different species vary in detail, but the basic structure is very similar in all cases and is unique to the mycobacteria (Snow, 1965a,b; White & Snow, 1969) . All mycobactin molecules possess two hydroxamic acid groups, which are involved in the characteristic chelation with ferric iron. The hydroxamic acid group has been found in materials from microbial and plant sources and most frequently in compounds showing iron-binding properties similar to those of mycobactin (Neilands, 1967) . The structures of mycobactins P and S are shown in Scheme 1, with a list of the products of their hydrolysis by acid. The biosynthesis of mycobactin probably involves the derivation of these units by separate biochemical pathways and their subsequent assembly in a sequence that is not yet known. The object of this work was to examine the possible derivation of the hydroxamic acid groups from lysine. MATERIALS MgSO4,7H20, 0.2g; L-asparagine, 5g; glucose, 50g; glycerol, lOml (White & Snow, 1968 about 9 and extracting repeatedly with a chloroform solution of 8-hydroxyquinoline. The aqueous layer was washed several times with chloroform and the excess of chloroform was removed by bubbling nitrogen through the warmed solution.
Paper chromatography and electrophore8i8. Samples of the water-soluble hydrolysis products and of watersoluble cell extracts were submitted to paper chromatography with 2-methylpropan-2-ol-formic acid-water (14:3:3, by vol.) and to paper electrophoresis at pH2
(1.OM-acetic acid and 0.75M-formic acid; 70V/cm for 45min) and at pH9 (50mM-sodium borate; 8V/cm for 60min). The separated components were detected by ninhydrin or by the triphenyltetrazolium and alkali reagent of Snow (1954) .
Alkaline hydroly8i8 of mycobactin. Mycobactin was dissolved in the minimum volume of warm methanol and 1 m-NaOH was added. After 1 h at room temperature a slight excess of HCI was added and the creamy precipitate extracted with ether (3 x 1 vol.). The ether extracts were combined and washed with M-HCI (2 x i vol.), the washings being added to the aqueous solution of the original hydrolysis. The ether solution of mycobactic acid was dried over Na2SO4 and the aqueous solution of cobactin 748 freed of ether by gently bubbling N2 through it. For addition to bacterial cultures the cobactin was evaporated to dryness under reduced pressure; the residue was dissolved in water and the pH was adjusted to 7.0. The mycobactic acid solution was shaken with an equal volume of 0.1 M-Na2HPO4 and the ether was removed by gently bubbling N2 through the warmed solution. Solutions were sterilized by filtration through Millipore membrane-filter discs (0.22,um pore size).
Acid hydrolysis of mycobactic acid and cobactin. Material was refluxed for 6h with 5M-HCI and after cooling the solution was extracted with ether as described above.
Incorporation of lysine. Cultures of M. phlei and M. smegmatis were grown on low-iron medium containing L-[U-14C]lysine monohydrochloride (40mg, 10,Ci/l).
After 3 weeks' growth the mycobactin was extracted, purified and assayed for 14C radioactivity; it was subjected to alkaline and acid hydrolysis and the fragments were also assayed for 14C. The results are given in Table 1 .
The water-soluble fragments of acid hydrolysis were subjected to electrophoresis at pH 2 in the presence of lysine, serine and N6-hydroxylysine, and the ninhydrin-positive spots were cut out, eluted in water (2 ml) in a scintillation vial and assayed for 14C. The results are recorded in Table 2 .
Uptake and incorporation of N6-hydroxylysine. Cells of a 7-day culture of M. phlei (3.6g wet wt.) were resuspended in 100ml of fresh medium. The suspension was divided into two 50ml volumes, to one of which was added 2.32mg of N6-hydroxy [U-14C] 
RESULTS AND DISCUSSION
Incorporation of lysine. Lysine is an obvious possible source of the hydroxamic acid groups of the mycobactins and work by Allen, Birch & Jones (1970) has given evidence that lysine is incorporated into mycobactin P. The results of the present work are given in Table 1 and show lysine to be very readily incorporated into mycobactins P and S, the incorporation being approximately equal in the mycobactic acid and cobactin portions of the molecules. Table 2 shows incorporation to be confined almost entirely to the N6-hydroxylysine moieties. The identity of the radioactive material visible on the chromatogram as a faint yellow spot is unknown, but it may be an oxidation product of N6-hydroxylysine. Comparison of the specific radioactivities of the mycobactins and the lysine supplement shows that 53 % of the N6-hydroxylysine of mycobactin P was derived from the exogenous lysine and that 36% was so derived in mycobactin S. It should be noted that there are two N6-hydroxylysine moieties per molecule of mycobactin.
Uptake and incorporation of N6-hydroxylysine.
The generation of the hydroxamic acid group from lysine can be considered as involving two stages, hydroxylation and acylation. Mycobactin is somewhat unusual among the sideramines in that its two hydroxamic acid functions carry different acyl groups, and it is tempting to predict that in the interests of metabolic economy hydroxylation, which is common to both hydroxamates, will precede the acylations, which give rise to very different The radioactive supplements indicated were added to concentrated 7-day cultures of M. phlei (1.8g wet wt. of cells/50ml of medium). After 5h incubation at 37°C the cells were harvested, washed and extracted overnight with ethanol-water-2m-HCL (7:2:1, by vol.). Samples of the fractions were assayed for 14C.
[14C]Lysine products. Work on the biosynthesis of ferrichromes (Emery, 1966) and of hadacidin (Stevens & Emery, 1966) suggests that in these cases hydroxylation is the fitst step on the route of formation of the hydroxamic acid. An attempt was therefore made to demonstrate the incorporation of N6-hydroxylysine into mycobactin. [U_14C]lysine and water-soluble extracts were prepared as described above. Samples of these extracts were examined by paper chromatography.
Ninhydrin-positive areas were cut out, eluted in a scintillation vial and assayed for 14C radioactivity.
The blank areas between such spots were cut into 1 cm strips and similarly assayed for radioactivity. Two distinct areas of activity were apparent; the larger one corresponded to lysine, whereas the other, much faster-running, material (approx. RF0.46) did not coincide with a ninhydrin-positive spot, but occurred between two unlabelled spots. This material was designated compound A. The fast-running materials isolated from M. phlei and M. 8megmatis behaved identically on paper chromatography. The area corresponding to N6-hydroxylysine was unlabelled. Extracts of cells grown with J. E. TATESON 750
1970 Table 4 . Chromatography of water-soluble extracts of cells grown in the presence of [l4C]ly8ine
with and without added iron
Paper chromatography was with 2-methylpropan-2-ol-formic acid-water (14:3:3, by vol.). The position of lysine was revealed by ninhydrin treatment; compound A was not itself visible, but was located between the two fastest-running ninhydrin-positive areas. The areas occupied by lysine and compound A were cut out and eluted in a scintillation vial for radioactivity assay. Column chromatography was on Amberlite CG-50 equilibrated with 50mM-potassium phosphate buffer, pH7.6. The first 30ml of eluate contained compound A. Lysine was eluted with m-NH3. Table 5 . Incorporation into mycobactin P of compound A in the presence and absence of lysine 14C-labelled compound A from M. phlei (39000 d.p.m.) was added to 50ml portions of medium inoculated with M. phlei. After 14 days' growth the cells were harvested and the mycobactin P was extracted and assayed for radioactivity; it was then hydrolysed and the products were assayed for radioactivity. a plentiful supply of iron showed markedly less radioactivity corresponding to compound A (see Table 4 ). Larger samples of lysine and compound A could be separated by chromatography on an Amberlite CG-50 column. The repression of production of compound A by iron suggested it might be involved in mycobactin production.
Separation method
Support for this came from incorporation studies in which 14C-labelled compound A was readily incorporated by M. phlei into mycobactin (see Table 5 ). lysine. This would suggest that lysine undergoes substitution before hydroxylation. Paper electrophoresis showed the material to behave as a cation at pH2 and as a weak anion at pH9, indicating a mono-N-substituted lysine. The position of substitution was investigated by treating the material with ninhydrin. Amino acids with a free carboxyl group and an unsubstituted a-amino group are decarboxylated under these conditions, whereas substitution at the a-nitrogen renders the carboxyl group resistant to removal (Van Slyke et al. 1941 ).
As compound A was derived from [U-14C]lysine the carboxyl group represents 16.7% of the total radioactivity. Table 6 shows that, although this value was not attained, considerable amounts of radioactivity were released from the material as 14CO2 under these conditions. This indicates the presence of a free ac-amino group and thus substitution must be at the 6-amino group. Samples of Vol. 118 Table 7 . The very heavy labelling of the hydroxy acid portion of cobactin P provides experimental support for the suggestion that 3-hydroxy-2-methylpentanoic acid could be derived by the condensation of two propionic acid molecules (Asselineau, 1962) . The incorporation of acetate into mycobactin S was more general, but the relatively high proportion of radioactivity in cobactin S suggests the derivation of the 3-hydroxybutyrate moiety from the condensation of two acetate units. Water-soluble extracts of these cells showed radioactivity in the fast-running material, the radioactivity being released as an acidic compound on acid hydrolysis. Attempts to identify this compound have been unsuccessful.
Water-soluble extracts of M. johnei. A fastrunning radioactive compound has been detected in water-soluble extracts of M. johnei grown in the presence of L-[U-14C]lysine. On paper chromatography this material (approx. RF 0.59) differed from those extracted from M. phlei and M. smegmatis, but like those compounds it yielded [14C]_ lysine on acid hydrolysis. The presence of this material in M. johnei is of particular interest as this organism, when grown on defined media, is unable to synthesize mycobactin. The site of the metabolic block is not known, but it may be that M. johnei can perform one or more of the early steps and could thuas be a useful organism for the further study of this pathway.
Concluding remarks. The possibility that N6-hydroxylysine is on the pathway of mycobactin biosynthesis has not been excluded. The failure to detect N6-hydroxylysine in cell extracts could be due to its very low concentration in such cells.
Exogenous N6-hydroxylysine is not taken up by the cell and is thus not available for incorporation into mycobactin. The results showing the existence and properties of the N6-acyl-lysine do, however, provide evidence that acylation may be the first step in the incorporation of lysine into mycobactin, 752
